Explanations for gender differences in educational performance are generally sought in gender-biased environments and socialization. We investigate whether biology, and specifically prenatal testosterone, can explain these differences. Prenatal testosterone is elevated for individuals with a male co-twin due to testosterone transfers in utero. Given that the sex of the co-twin is determined randomly, this provides exogenous variation in prenatal testosterone. Administrative data on a large sample of Dutch twins is used. After controlling for the effects of growing up with a same-sex or opposite-sex sibling, we find null-effects for boys with a male co-twin on three measures of educational performance (aggregate ability, reading and math). Girls with a male co-twin score lower on math by 7% of a standard deviation. This is mainly caused by more girls ending up in the bottom 10% of the math-score distribution. No effects are found on a reading and aggregate ability score.
Introduction
Gender differences in math and language test scores have been long known and appear to be rather persistent. Generally, boys outperform girls in mathematics (Fryer and Levitt, 2010; Bharadwaj et al., 2015) , particularly among children at the high end of the ability distribution (Ellison and Swanson, 2009; Stoet and Geary, 2013; Pope and Sydnor, 2010) , but in the reading domain girls outperform boys (Halpern et al., 2007; Guiso et al., 2008; Banda et al., 2010) . These differences are important as they may explain gender differences in educational and occupational choices in adulthood (Buser et al., 2014; Banda et al., 2010; Ceci et al., 2009) , as well as gender-related earnings differentials 1 . The existing literature has shown that gender differences in math and reading ability arise from social conditioning and gender-biased environments (Wilder and Powell, 1989; Miller and Halpern, 2014 ), yet little is known to what extent biological factors are an important driver of these gender differences in test scores. A role for biological factors in creating these gender-specific outcomes may imply that we are currently over-estimating the role of any discriminatory or gender-biased factors.
This paper explores the role of biology in explaining the gender gap in math and reading test scores in childhood, and focuses in particular on the role of prenatal testosterone. Prenatal testosterone induces the sexual differentiation of the male fetus. In addition to influencing the development of sexually dimorphic physical characteristics, exposure to prenatal testosterone is known to wire the brain with masculine behavioral patterns (i.e. in preferences, personality, and temperament) (Jordan-Young, 2010) . Evidence from laboratory and field experiments indicates that women display less aggressive behavior (e.g. Bettencourt and Miller (1996) ), act more risk averse (e.g. Eckel and Grossman (2008) ; Croson and Gneezy (2009) ), and engage less in competitive activities (e.g. Gneezy et al. (2003) ; Niederle and Vesterlund (2007) ; Buser (2012b) ; Örs et al. (2013) ) than men. Little is known to what extent these differences are explained by biology or socialization, and to what extent they translate into gender-specific primary school outcomes such as math and reading test scores.
In this paper, we exploit a natural experiment in twinning to identify the biological contribution of prenatal testosterone exposure to gender differences in test scores. Since it is impossible to directly measure and link prenatal testosterone exposure to test score performance in primary school, we exploit twin testosterone transfers (TTT) as an exogenous proxy. Between the eighth and twenty-fourth week of gestation male fetuses are exposed to elevated levels of testosterone (Auyeung et al., 2013) . As with other litter-bearing mammals, among human twins this testosterone can transfer in significant concentrations from a male twin to his female uterus mate. Previous studies using twin testosterone transfers (TTT) suggest that females with a fraternal co-twin are more masculine in morphological characteristics, behavior, and cognitive capabilities (Resnick et al., 1993; Cohen-Bendahan et al., 2004; Peper et al., 2009; Vuoksimaa et al., 2010a,b; Heil et al., 2011; Slutske et al., 2011) . For males with a male co-twin no increased masculine behavior or characteristics are found (Resnick et al., 1993; Peper et al., 2009; Tapp et al., 2011; Cronqvist et al., 2015) . In this paper, we argue that twinning is a plausible natural experiment to measure the effect of elevated prenatal testosterone concentrations on math and reading test scores.
Earlier applications of twin testosterone transfers (TTT) to economic outcomes are relatively scarce. A study by Gielen et al. (2016) investigates the role of TTT to explain the gender wage gap, and finds higher earnings for men with a male co-twin, but no effect for women. Another study by Cronqvist et al. (2015) focuses on financial decision-making, and finds that females with a male co-twin take significantly more risk later in life compared to females with a female co-twin. This paper is the first to study the role of TTT in gender differences in educational performance. We use Dutch administrative data from Statistics Netherlands where we observe test-score data of nearly 76,416 twins born between 1993 and 2003, of which 39,441 individuals can be matched to test-score records. These data allow us to estimate the effect of having a male co-twin on math and reading test scores in the final grade of primary education (i.e. at approximately age twelve) in the years 2006 to 2014.
Our results suggest that prenatal testosterone does not affect performance for boys (on an aggregate, reading and math score). However for girls we find that prenatal testosterone decreases math scores by 7% of a standard deviation, whereas null effects are found on an aggregate and a reading score. This effect is likely driven by the fact that girls exposed to higher levels of prenatal testosterone are 2.5% more likely to end up in the bottom 10% of the math-score distribution. This result is counterintuitive as one would expect that girls with more prenatal testosterone are more male-typical and hence would perform better at math. A potential explanation is that girls with a male co-twin are more male-typical in morphological characteristics and behavior which might interact negatively with educational outcomes at age twelve.
The structure of this paper is as follows. The next section provides background information on the gender gap in math and reading test scores, and the potential role of prenatal testosterone. Section 3 outlines the identification strategy, and the data and results are presented in sections 4 and 5. These are followed by a discussion (section 6) and conclusion (section 7).
Prenatal testosterone and the gender math gap
Boys on average perform better at math than girls in a majority of countries (Fryer and Levitt, 2010; Banda et al., 2010; Bharadwaj et al., 2015; OECD, 2015) . The gap widens with age (Fryer and Levitt, 2010; Bharadwaj et al., 2015) , and ability (Ellison and Swanson, 2009; Fryer and Levitt, 2010; Pope and Sydnor, 2010; Stoet and Geary, 2013; OECD, 2015) . Ellison and Swanson (2009) . The math differential is reversed in the reading domain, where girls generally outperform boys (Halpern et al., 2007; Guiso et al., 2008; Banda et al., 2010) . Apart from higher average performance on math, and lower average performance on reading, boys are also known to be more variable in performance (Halpern et al., 2007; Machin and Pekkarinen, 2008) . The latter implies that boys are more often in both the high and low ends of the performance distribution.
Gender differences in educational performance are attributed to either (1) biological differences as discrepancies in brain development or testosterone, or (2) gender differences in socialization, stereotypes, and preferences (Wilder and Powell, 1989; Miller and Halpern, 2014) . The existing literature examines explanations for the latter channel, e.g.: differences in the cultural dimension (Guiso et al., 2008; Stoet and Geary, 2013) , gender differences in competitiveness (Gneezy et al., 2003; Gneezy and Rustichini, 2004; Niederle and Vesterlund, 2007; Croson and Gneezy, 2009; Flory et al., 2010; Niederle and Vesterlund, 2010; Buser, 2012b; Örs et al., 2013) , stereotype threat (e.g. Spencer et al. (1999) ; Stoet and Geary (2012); Nollenberger et al. (2014) ), and gender biased environments (Fryer and Levitt, 2010; Bharadwaj et al., 2015) . Little is known about biological determinants of gender differences in educational performance.
It is well known that the early life environment is important for the development of a child's cognitive capacities (e.g. Carneiro and Heckman (2003) ; Knudsen et al. (2006); Heckman (2008) ; Currie and Almond (2011) ). The pre-birth environment plays a big role alongside the postbirth environment. The fetal origins hypothesis asserts that the prenatal period is of crucial importance for both the cognitive development and the health of the child. The fetus is very sensitive to -amongst otherssmoking during pregnancy, maternal malnutrition, and maternal stress, and these factors can have large impacts long after birth (e.g. Almond and Currie (2011); Scholte et al. (2015) ). This paper will consider the impact of a prenatal hormonal factor in influencing cognitive capacities: prenatal testosterone.
The role of prenatal testosterone
We examine the role of prenatal factors, and specifically prenatal testosterone, in determining gender differences in educational performance. Testos-terone is the main androgen causing sexual differentiation of the male fetus. Males experience three periods of elevated testosterone exposure, whereas female testosterone levels remain rather constant over the life-cycle. These critical periods are between the eighth and twenty-fourth week of gestation (prenatal testosterone surge which causes sexual differentiation of the fetus), three to four months after birth, and in puberty Auyeung et al. (2013) .
Prenatal testosterone production starts at around the seventh and eighth week of gestation and continuous until approximately week twentyfour. Prenatal testosterone is responsible for the development of the testes (Tapp et al., 2011) , but this period of gonadal development would also be critical for the development of the fetal brain (Van de Beek et al., 2004) . 2 Prenatal testosterone would wire the brain with masculine behavioral patterns (i.e. in preferences, personality, and temperament) (Jordan-Young, 2010). The female fetus is exposed to much lower levels of prenatal testosterone (Tapp et al., 2011; Auyeung et al., 2013) .
Proxies for prenatal testosterone
The best measure for prenatal testosterone is fetal serum, which is unfeasible due to the risks associated with its collection Other proxies, like maternal serum testosterone, umbilical cord serum, and amniotic fluid concentrations all have their own disadvantages (Van de Beek et al., 2004) . Earlier studies used medical conditions and 2D:4D digit ratios as proxies for prenatal testosterone. Clinical studies examine the effects of prenatal testosterone exposure on cognitive ability by studying women subject to congenital adrenal hyperplasia (CAH). Females with this condition are prenatally exposed to high levels of androgens (Speiser and White, 2003) . To illustrate, women diagnosed with CAH are found to perform better on spatial tasks than control women (Puts et al., 2008) . Disadvantages of using clinical samples are the usually small sample size, and limited external validity .
The 2D:4D ratio (the ratio of the index to the ring finger) is regarded as a (noisy) marker for prenatal testosterone (Cohen-Bendahan et al., 2005) . The ratio is sexually dimorphic as it is, on average, lower for men than for women Medland et al., 2008) . Elevated fetal testosterone levels are associated with lower 2D:4D ratios , and girls diagnosed with CAH are found to have lower 2D:4D ratios (Puts et al., 2008) .
Lower 2D:4D ratios would be associated with lower risk-averseness (Dreber and Hoffman, 2007; Coates et al., 2009; Garbarino et al., 2011) , aggressiveness and increased sensation-seeking (Hampson et al., 2008) , more male-typical preferences in occupational choices for women (Nye and Orel, 2015) , social preferences (Buser, 2012a) , better performance in sports (Manning and Taylor, 2001) , and an elevated physical fitness (Hönekopp et al., 2007) . Lower 2D:4D ratios are positively correlated with performance on mental rotation tasks (Manning and Taylor, 2001) , whereas this relationship is not confirmed by Austin et al. (2002) and Coolican and Peters (2003) . The 2D:4D ratio is considered as a proxy for prenatal testosterone, although it is considered a noisy biomarker as digit ratios would be more correlated with ethnicity than with sex (Cohen-Bendahan et al., 2005) .
Twin testosterone transfers
Recently prenatal testosterone exposure is studied using twins. Individuals with a male co-twin would be exposed to high levels of prenatal androgens. This can be exploited as a natural experiment -given that the sex of the cotwin is random (Tapp et al., 2011) . The transferring of testosterone across amniotic membranes during gestation is better known as twin testosterone transfers (TTT). Babies with a male co-twin would be exposed to higher levels of prenatal androgens during gestation through in-utero testosterone transfers.
The existence of twin testosterone transfers was first documented in animal-studies, where female rodents with a position near their brothers in the womb would display more male-typical behavior (for an overview see Cohen-Bendahan et al. (2005) ). The existence of a similar channel for humans is documented by Miller (1994) . Direct testing of twin testosterone transfers is very difficult. Animal studies (i.e. with rodents) allow for a direct manipulation of prenatal testosterone levels, which is unethical for humans (Cohen-Bendahan et al., 2005) . Twin studies show that females with a male co-twin have a more masculine brain structure (Cohen-Bendahan et al., 2004) and volume (Peper et al., 2009) , are more likely to be right-handed which is an indicator of high exposure to testosterone (Vuoksimaa et al., 2010a) , do better at mental rotation tasks than females with a female co-twin (Vuoksimaa et al., 2010b; Heil et al., 2011) , and are more sensation-seeking (Resnick et al., 1993; Slutske et al., 2011) . Studies investigating digit ratios in relationship to twin testosterone transfers found lower 2D:4D ratios for opposite sex twin females (van Anders et al., 2006; Voracek and Dressler, 2007) , although this result is not confirmed by Medland et al. (2008) .
Some studies fail to find effects for males with a male co-twin even though these males should also be exposed to higher levels of prenatal testosterone (Resnick et al., 1993; Peper et al., 2009; Tapp et al., 2011; Cronqvist et al., 2015) . Tapp et al. (2011) argue that the effect is likely less obvious for males, as males themselves are already exposed to relatively high levels of prenatal testosterone.
We use twin testosterone transfers as a proxy for fetal testosterone. There are two earlier applications of TTT within economics. Gielen et al. (2016) use TTT to examine the influence of testosterone on the gender wage gap. Although positive effects of prenatal testosterone exposure are found for men, prenatal testosterone is not associated with increased earnings for women. Cronqvist et al. (2015) use TTT to explain gender differences in financial decision making and find that higher exposure to prenatal testosterone can explain masculinization of investing behavior, implying that females with a fraternal male co-twin undertake more risky investments. This is the first application of TTT to gender differences in educational performance.
Empirical strategy
This paper exploits twinning to examine the effects of prenatal testosterone on test scores. An individual with a male co-twin is exposed to higher concentrations of fetal testosterone due to testosterone transfers. Three assumptions must hold for establishing the causal effect of prenatal testosterone on test scores, namely: (1) there are testosterone transfers from a male fetus to the neighboring fetus, (2) the distribution of sexes is random among twin pairs, and (3) there are no confounding factors related to opposite sex twinning which can affect educational outcomes of children via other routes than testosterone transfers.
Direct tests of the first assumption in humans are not available to our knowledge. However, direct testing on animals showed that in-utero testosterone transfer exist (see Cohen-Bendahan et al. (2005) for an overview). The channel was extended to humans by Miller (1994) , and ever since has been supported by indirect evidence linking twinning to testosterone transfers. Multiple studies report increased masculine morphological, cognitive and behavioral characteristics for women with a fraternal male cotwin (Resnick et al., 1993; Cohen-Bendahan et al., 2004; Peper et al., 2009; Vuoksimaa et al., 2010a,b; Heil et al., 2011; Slutske et al., 2011) . No effects of prenatal testosterone are found for males with a male co-twin, possibly due to their already high exposure to prenatal testosterone (Resnick et al., 1993; Peper et al., 2009; Tapp et al., 2011; Cronqvist et al., 2015) . Tapp et al. (2011) conclude that the evidence on TTT is incomplete, but it is sufficient to authorize further investigations.
The second identifying assumption is that the distribution of sexes is random among twin pairs. Implying that whether an individual has a twinbrother or sister is randomly determined and not influenced by confounders that can also influence the outcome variables. Twins can be monozygotic, when one fertilized egg splits into two fetuses, or dizygotic, when two fertilized eggs develop into fetuses. Monozygotic (identical) twin pairs are always same-sex, whereas dizygotic (fraternal) twins can be same-sex or opposite-sex.
The sex of a child is depending on whether the male's fertilizing spermatozoon carries an X or a Y chromosome, which is regarded as random. Despite it, human sex ratios 3 are weighted towards boys as it is 105.9 for singletons and 103.2 for twins. Several theories for the discrepancy in sex rates between singletons and twins include differences in gonadotrophin levels (hormone responsible for reproductive functioning) at time of conception, higher mortality for male fetuses in twin pairs, and differences by race (Fellman and Eriksson, 2010) Identical twins generally have lower sex ratios than fraternal twins 4 , which is due to an anomaly which is inherent in X-chromosomes which makes them more likely to divide, and hence form a identical twin pair. On the contrary, fraternal twins are more likely to be male, which is likely due to higher maternal levels of steroid hormones (testosterone and estrogen) at conception (James, 2010) . Maternal serum testosterone levels are not a good proxy for actual prenatal testosterone (Van de Beek et al., 2004; Cohen-Bendahan et al., 2005) , which might suggest that maternal testosterone does not affect prenatal testosterone. If maternal and fetal testosterone levels interact it would only strengthen the identification as individuals with a male co-twin would be exposed to even higher levels of prenatal testosterone (Gielen et al., 2016) .
Thirdly, the sex of the co-twin cannot be related to educational outcomes through ways other than testosterone transfers. This assumption is likely violated as growing up with a brother is different from growing up with a sister, and the sibling's gender may eventually affect educational outcomes. Comparing the educational outcomes of a twin with a male uterus mate and a twin with a female uterus mate will measure the effect of prenatal testosterone, but additionally the effect of growing up with a same-sex or opposite-sex sibling. To isolate the effect of prenatal testosterone a control group of closely spaced singletons (CSS) is used. 5 The effect of prenatal testosterone is isolated if sibling socialization is similar for twins and this group of CSS.
This control group allows us to disentangle the effect of prenatal testosterone from the combined effect of prenatal testosterone and socialization, but it also imposes two extra assumptions on the identification strategy. First, socialization must be similar for twins and closely spaced singletons (CSS). The close spacing of the control group makes sure that it is likely that siblings born very near each other experience similar environments.
Hence interactions are likely more twin-like than for regular siblings (who are born more than twelve months apart). We execute a robustness check to assert that this concern does not affect our results.
Second, the child's level of prenatal testosterone must be independent of whether the child has a closely spaced brother or sister. We know that prenatal testosterone in male singletons declines with birth order (as measured by umbilical cord serum) when spacing between children is less than four years (Maccoby et al., 1979; Baron-Cohen et al., 2004) . This implies that it might be that within a closely spaced singleton pair, especially the male child might have experienced lower levels of prenatal testosterone. We estimate the model using only first-borns to assert that this potential concern does not play a role.
Another assumption we need to make is that socialization is similar for identical and fraternal twins as we cannot distinguish zygosity. This brings us to the equal environments assumption, which states that there are no systematic differences in the upbringing environments of identical and fraternal twins (Gielen et al., 2016) . We assume that there are no differences in the upbringing environments of identical and fraternal twins that can affect educational outcomes at age 12. Obviously, there might be differences between identical and fraternal twins, especially as identical twins share 100% of their genetic material, whereas this is approximately 50% for fraternal twins. However, the EEA is not violated in several areas (Matheny et al., 1976; Scarr and Carter-Saltzman, 1979; Kendler et al., 1994; Hettema et al., 1995; Eriksson et al., 2006; LoParo and Waldman, 2014) , and most importantly for spatial ability Derks et al. (2006) .
A last assumption we have to make is that factors that determine whether a child is in a twin-pair or in a closely spaced singleton pair are unrelated to educational outcomes. This assumption is likely violated as twins and closely spaced singletons are born into different families, which are likely not random draws from the population. A rich set of control variables is used to take into account these differences. We apply propensity score matching to make the sample of twins and CSS more comparable. A more detailed explanation of the respective differences and used controls can be found in section 4.3.
Specification (1) is estimated for a sample of twins and closely spaced singletons, for different outcome variables (y i ), and is used to identify the effect of TTT. The outcome variables are an aggregate test-score, and sub-scores in the domains of math and reading. Equation (1) contains a female indicator, an indicator for being part of a twin-pair, an indicator for being part of an opposite-sex sibling pair, and their respective interactions. Vector X i contains control variables, and u i is the individual-specific error term. Standard errors are clustered on the maternal identification number.
For a boy the effect of having a twin brother is captured by −β 2 − β 6 , and the socialization effect of having a brother is captured by −β 2 . Implying that the effect of TTT for males is shown by −β 6 . For girls the effect of having a male twin are captured by β 2 + β 4 + β 6 + β 7 , and the socialization effect of having a brother is entailed in β 2 + β 4 . The effect of TTT for girls is β 6 + β 7 .
Data

Dutch twins
Dutch administrative date is obtained from Statistics Netherlands. 6 Individuals can be matched across datasets with a Random Identification Number (RIN). The Parent-Child data is used, which matches children to any parent alive between 1995 and 2015, to compile a dataset of Dutch twins. It contains information on 15, 860, 240 individuals. We drop stillbirths (n = 22, 290) and individuals with missing RIN (n = 547, 350). Notes: Frequency of family structures for individuals born 1993-2003 (this is the time-period in which children are born for whom we observe educational outcomes), whose mother can be identified in the data, and who have less than 15 siblings through either parent.
This data is supplemented with demographic characteristics from the Municipal Population dataset (Gemeentelijke Basisadministratie). It contains information on the individuals' year and month of birth, the parents' year and month of birth, sex, country of origin. We identify closely spaced singletons as siblings whose birth dates are at most 12 months apart. Individuals with more than 15 siblings through either parent are dropped from the sample (n = 2, 090).
The distribution of family structures for the remaining sample is shown in Table 1 . The twinning probability (3.26%) is consistent with the incidence of twinning in the Netherlands between 1993 and 2004 (3.39%). 7 Children without siblings, with siblings born outside the 12 month range, and higher order multiples are dropped from the sample, which leaves a sample of twins and CSS.
Sibling pairs in the remaining sample are identified as same-sex or opposite-sex siblings. We drop individual cases if it is difficult to determine the sex composition, e.g. when there are three CSS in one family (small fraction of 4.5%). Closely spaced singletons whose birth dates are within 7 months are dropped from the sample (n = 17, 462). The distribution of twins and CSS by gender composition is shown in Notes: The first column shows the distribution of oppositesex and same-sex pairs in the GBA (1993 GBA ( -2003 . The second panel shows the same distributions for the test score data.
7 Authors' calculations based on birth figures available (online) at Statistics Netherlands. This number is upward biased as it does not take into account stillbirths.
8 The twins-sample contains 65.7% same-sex and 34.3% opposite-sex pairs born from 1993 to 2003. The number of dizygotic twins can be approximated as twice the number of opposite-sex twins according to Weinberg's differential method (for empirical tests see Vlietinck et al. (1988) and Fellman and Eriksson (2006) ), implying that approximately 68.6% of the twins in our sample are dizygotic.
Educational outcomes
Data on primary school test-scores is also provided by Statistics Netherlands. The data contains information on a standardized test performed in the eight and final grade of elementary education (Cito-test). We use data for the years 2006 to 2014 9 , which is available for individuals attending schools who gave permission to transfer test-scores to Statistics Netherlands. Children without identification number, and whose monther's age at birth is missing (n = 62, 293) are dropped from the sample. The latest score is preserved for children having multiple test-score records in the data. When we merge the test-score data with the demographics a sample containing 50, 966 individuals remains.
The standardized test incorporates language, math, information processing, and world orientation. The latter is optional and hence not completed by all children. The scores on the remaining parts are translated in an aggregated score ranging between 501 and 550. The aggregate score is standardized for interpretation purposes. We use Z-scores for math and reading (which are standardized by year).
Descriptive statistics
Twins and closely spaced singletons are likely born into different families, which is shown in Table 3 . This table also clearly shows that twins and CSS are different from the full population.
Twins are born to older mothers, as twinning probabilities increase with maternal age (Rosenzweig and Wolpin, 1980a; Bronars and Grogger, 1994; Jacobsen et al., 1999) , the use of artificial reproductive technologies (ART) (Bhalotra et al., 2016) , and parity (Rosenzweig and Wolpin, 1980a,b) . This also explains that twins have a lower birth order on average. Twins are more often born into 2-parent households, and these households have a higher earnings capacity as measured by household income and the labor market status of the mother. 10 The age at taking the test is higher, on average, for twins and CSS as compared to the full population. Twin pregnancies are considered risky, and it is not uncommon for twins to be born after shorter gestation than singletons (Almond et al., 2005; Bhalotra et al., 2016) . Shorter gestational duration can disadvantage twins throughout their life which might result in a higher age at the time of taking the test. CSS are likely born in low socio-economic status families which can explain their higher average age at taking the test. Holding gender constant, there are not many significant differences in test scores between opposite-sex and same-sex siblings. However, females in opposite-sex twin pairs score significantly lower at math and the aggregate score as opposed to same-sex twin girls. This is suggestive evidence for TTT affecting girls' math and aggregate score negatively. This simple comparison neglects potential socialization effects causing educational differentiation. We need the control sample of closely spaced singletons to say more about the effects of prenatal testosterone.
There are other significant differences between opposite-sex and samesex siblings pairs. Opposite-sex sibling pairs generally have smaller families, and older parents at giving birth. This could hint at a parental preference for children of mixed genders (e.g. Angrist and Evans (1998) ). Boys (on average) outperform girls in the math-domain, whereas girls outperform boys in the reading-domain (see e.g. Guiso et al. (2008); Fryer and Levitt (2010) ; OECD (2015)). The gender performance gaps observed for the studied sample confirm the pattern found in the literature (Table  4 ). Boys perform significantly better at math, and girls perform significantly better at reading. Gender differences in educational performance are visible for the full sample, but also the sub-samples of twins and closely spaced singletons. They are slightly more pronounced in twins.
Results
The results are shown in Table 5 (aggregate score) and Table 6 (reading and math). Five specifications are shown which differ in the inclusion of controls. Controls for the earnings capacity of the household are available for a limited sample only. The base specifications are estimated for this smaller sample in specification three and four. Table 5 shows the results for the (standardized) aggregate score as outcome variable. The twin coefficient is positive and significant in specifications without controls, and becomes smaller and insignificant when controls are added. This clearly shows that twins and CSS are born into different families. The female indicator shows that girls perform significantly lower on this aggregate scores than boys (by approximately 7% of a standard deviation). in the year of giving birth, and a control for the mean Cito-score at the school the child is attending in a given year. The additional household income controls contain a control for household income in the year the child turns four, and an indicator that the mother is working in this same year. 2 * p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered on maternal ID and are in parentheses. 
(3) (4)
(1)
(3) Estimated using OLS. A description of the set of controls is to be found in Table 5 . The effects of twin testosterone transfers for boys (D male ) and for girls (D f emale ) are not significantly different from zero. If anything, the effect for females is negative and females with a male uterus-mate would perform about 5% of a standard deviation lower on the aggregate score, when controlling for the socialization effect of growing up with a brother.
The findings for the reading and math sub-score are shown in respectively the left and right panel of Table 6 . The twin coefficient shows that twins are different from CSS and that including controls removes these differences. Women have a significant advantage in reading (by 2% of a standard deviation), whereas boys have an advantage in the math-domain (by about 4% of a standard deviation). The coefficients of interest: D male and D f emale are not significant for reading. However, girls with a male twin perform significantly worse on math by 7% of a standard deviation, even after controlling for socialization. 11 This finding can be considered counterintuitive. One would expect that if boys have more prenatal testosterone than girls, and if girls with a twin brother are exposed to higher concentrations of prenatal testosterone, girls with a twin brother would show more male-typical performance patterns. Extrapolating this would lead to improved math performance and worse reading performance. We do not find support for the hypothesis that prenatal testosterone improves math performance or worsens language performance for girls. We also do not find improved math scores or lower language scores for boys. Hence we do not find evidence that prenatal testosterone amplifies (average) gender-specific differences.
Previous research also shows gender differences in test-score distributions (Halpern et al., 2007; Machin and Pekkarinen, 2008) . Table A3 , A4, and A5 show the results for re-estimating the models with indicators for scoring in the bottom 10%, bottom 25%, top 50%, top 25%, and top 10% in the three test-scores as outcome variables. 12 Girls exposed to higher levels of prenatal testosterone are 3.7% and 3.1% less likely to score in the top 50% for respectively the aggregate and math score. Males exposed to higher concentrations of prenatal testosterone are 1.9% less likely to score in the bottom 10% for both the aggregate and math score. Additionally, girls exposed to higher prenatal testosterone concentrations are 2.5% more likely to score in the bottom 10% of the math test-score distribution. The results on girls' average math performance might be driven by more girls scoring in the bottom 10%.
11 Table A1 and Table A2 show that the results are robust to estimating the models separately for boys and girls.
12 Coefficients are not different from the OLS estimates when estimated with quantile regression (full set of controls) as shown in Figure A1 , A2, and A3.
Robustness checks
Different groups
A potential concern for our identification might be that maternal levels of testosterone are lower if spacing between children is less than four years (Maccoby et al., 1979; Baron-Cohen et al., 2004) . We address this issue by restricting the sample to first born children. The results are shown in Table  7 and 8, the baseline model specification includes all control variables. The coefficient estimates are similar, especially the double difference estimate for females. The latter effect is not significant in these specification, which is likely due to less precision because the number of observations halved.
CSS have birth dates which are at most 12 months apart, therefore interactions are expected to be more twin-like than for regular siblings. We extend this difference to eighteen months (Table 7 and 8 ). An advantage is the increase in observations which increases the precision of estimates, a disadvantage is that interactions between these siblings are less twin-like, which makes them a less suitable control group. 1 Estimated using OLS. A description of the set of controls is to be found in Table 5 . The double difference estimates for females are very robust to using different bandwidths. The effects the aggregate score are approximately -5% of a standard deviation, for language they are -2% of a standard deviation, and for math they are between -6% and -7% of a standard deviation. The larger the difference the more significant findings are which is due to the larger number of observations that increases the precision of the estimates. The double difference estimates for males are less robust. For math they are quite constant at 5% of a standard deviation, whereas they range between 5% to 7%, and 4% and 7% of a standard deviation for the aggregate and language score respectively.
The opposite-sex coefficient increases, implying that gender-mixed socialization for boys is larger when sibling spacing increases. However, this coefficient drops out when we look at the double difference estimator, which is simply the inverse of the T win * OS coefficient. This coefficient becomes larger (more negative), which explains the larger double difference estimator. Hence boys who grow up with sister perform worse, and boys who who have a twin brother do better. As the estimates increase when the control group is less conservatively chosen point-estimates for the effect for boys increase. Which likely implies that our baseline estimate is conservative.
Matching estimators
We know that twins and CSS are born into different families and hence we control for many of these differences. This section will employ matching estimators to make the sample of CSS and twins more comparable before estimating the parameters (Table A6) .
We employ Kernel matching (Epanechnikov kernel with a bandwidth of 0.06), and weights to the observations are assigned with the Kernel matching procedure (column 1, 4 and 7). Inverse Probability Matching (IPM) is also used (column 2, 5, and 8), but as this method is very sensitive to very high and low propensity scores a more robust type will be used that only includes observations with propensity score between 0.1 and 0.9 (column 3, 6, and 9). Table A6 shows that IPM is very sensitive to excluding those with very high and low propensity scores, and hence it is better to only look at those results that exclude these observations. The estimates using Kernel matching are all larger than the baseline estimates, which implies that our specification with controls gives a conservative estimate of the true effect. The IPM specification gives smaller double difference estimates for boys and larger double difference estimates for girls. However the estimates still confirm that there is no effect for boys. Whereas the effect for girls would be larger with matching. Hence the estimates for girls are conservative in the main specification with controls.
Discussion
The result that girls that are exposed to higher concentrations of prenatal testosterone perform 7% of a standard deviation lower on math is counterintuitive. One would expect that these girls would me more male-typical and hence their educational performance would also be more male-typical. Gielen et al. (2016) do not find increased earnings for for females exposed to higher prenatal testosterone. This is consistent with our finding, especially since math performance is related to earnings are related (e.g. ?). They explain their null-finding, and if anything negative effect, with labor market discrimination for masculinized females. This section provides several explanations for the negative effect found for females on educational performance at age twelve.
We are interested in the effect of prenatal testosterone (T) on educational outcomes (Y). However we cannot rule out that besides there being a direct effect of prenatal testosterone on educational performance (first term), testosterone might be interacting with external factors (E), that can in turn affect educational outcomes (second term).
It could be that prenatal testosterone directly shapes mathematics performance by affecting brain development (as suggested by Jordan-Young (2010)), hence the second term would be equal to zero. This would imply that prenatal testosterone worsens mathematics performance for girls. Boys might not experience such negative effects because of later life factors (e.g. toys they play with, gender stereotypes that shape preferences), which enhances their math performance later in life. Potentially it could also be that a little extra prenatal testosterone does not affect boys much, as they are already exposed to high concentrations (Resnick et al., 1993; Peper et al., 2009; Tapp et al., 2011; Cronqvist et al., 2015) .
We cannot rule out that biological factors, like prenatal testosterone exposure, and social factors (i.e. culture) interact with one another as has been found before Cadoret et al., 1996; Turkheimer et al., 2003; Sacerdote, 2007) . The latter indicates that environmental impacts are larger when a child is exposed to a poor socioeconomic background. Hence prenatal testosterone might express itself differently when children grow up in different environments.
A different argument could be that opposite-sex twinning is related to other birth outcomes that might affect educational performance. Boys on average weigh more than girls at birth. As a result one could expect that sharing the intrauterine environment with an opposite-sex fetus might affect birth weight. Birth weight in mice is higher for females located between two male fetuses as opposed to females located between two female fetuses (Miller and Martin, 1995) . The evidence for humans in mixed. Females from opposite twin pairs have higher birth weights than females from same-sex twin pairs (Glinianaia et al., 1998; Blickstein and Kalish, 2003) . This relationship is not confirmed by Orlebeke et al. (1993) . Loos et al. (2001) find instead that boys from opposite-sex twin pairs weigh more than boys from same-sex pairs, whereas no such relationship is found for females. Hence there is no conclusive evidence that birth weight is affected by the sex of the co-twin.
Another explanation could be that girls with more prenatal testosterone are more male-typical in morphological characteristics and behavior (e.g. Cohen-Bendahan et al. (2004) ; Peper et al. (2009); Vuoksimaa et al. (2010a) , and this might eventually affect educational performance through external factors. Perhaps girls exposed to higher concentrations are more male-typical, and therefore insecure, which makes them perform worse. Or perhaps they look and behave more male-typical and try to oppose this maleness by confirming female gender stereotypes. 13 It could also work through the parental channel. Yi et al. (2015) study health shocks in twin pairs and find that extra health investments for the twin who experiences the health shock are compensated for by less educational investments. This could fit our story if the girl who was exposed to higher prenatal testosterone concentrations is more masculine, which requires other investments by parents, which comes at the cost of educational investments of parents.
We consider three different educational outcomes, which might help in explaining the negative effect found for females. First school advice is examined, which can be regarded (partly) as a teacher assessment of the child's ability. School advice is hierarchical with one being the lowest and nine being the highest. It is based upon teacher assessments of the child's ability and the child's performance on standardized tests over the course of his or her primary school career. This outcome variable allows us to study whether teachers give different school advice if children differ w.r.t. their prenatal testosterone levels. It is an imperfect measure as standardized tests and overall test performance also play a role in school advice. The variable is not available for the full sample, but results (Table  11) show that the double difference estimates for females and males are not significantly different from zero. The signs are consistent with the main results, if anything females exposed to higher prenatal testosterone concentrations receive a lower school advice, and the effect is opposite for men.
The second outcome regards the child's score on an optional part of the test: world orientation. Schools can choose to participate in this part, but it does not count towards the final score, implying that it might serve as a proxy for motivation. Children know that this part does not count towards the final score, but they have to complete it. The measure is imperfect as it might also capture actual ability for this specific task. The double difference estimates are insignificant for boys and girls. * Adds the coefficients of T win * OS and T win * OS * F emale, equivalent to β6 + β7. 1 Estimated using OLS. A description of the set of controls is to be found in Table 5 . 2 * p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered on maternal ID and are in parentheses.
The third outcome variable is an indicator for whether the child scored above the school average in a given year. This can be seen as a proxy for competitiveness, although it is imperfect as it also captures actual performance. The double difference estimator for girls shows that they are about 4% less likely to score above school average in a given year when they had a male uterus mate. For boys such a significance difference is not detectable. Once again, this tendency for girls to score below average could be caused by the fact that this group scores significantly lower on math.
Conclusion
On average boys perform better at math and girls perform better at reading. Little is known about the role of biology in creating these gender differences. This paper examines the role of biology and specifically the role of prenatal testosterone. Prenatal testosterone is responsible for the sexual differentiation of the male fetus and is also said to affect brain development. Twinning is used as an exogenous proxy for prenatal testosterone as it is impossible to directly relate prenatal testosterone and educational outcomes.
Males are exposed to elevated levels of prenatal testosterone between the eighth and twenty-fourth week of gestation. This testosterone can transfer from the male twin to his uterus mate. Individuals with a male cotwin are exposed to higher levels of prenatal testosterone than individuals with a female co-twin. Females with a male co-twin are more masculine in morphological characteristics (e.g. more masculine 2D:4D ratio), behavior, and cognitive capacities. Whereas for males usually no increased masculine characteristics or behavior is found.
A control group of closely spaced singletons (CSS) is used to isolate the effect of prenatal testosterone. CSS are siblings whose birth dates are at most twelve months apart. The effect of prenatal testosterone can be isolated if socialization is similar for this group and twins. The twelve month window is small and hence it is likely that siblings born very near each other experience similar environments, and that their interactions are more twin-like than for siblings born outside the 12-month window.
We use administrative data from Statistics Netherlands with information on a standardized test performed in the final year of primary education and find that prenatal testosterone does not alter educational performance for males. For females no effects are found on an aggregate score and a reading score. When controlling for socialization, girls with a male co-twin, who are exposed to higher levels of prenatal testosterone, are performing 7% of a standard deviation lower on math. This effect can be explained by the fact that more women with a male twin end up in the lowest 10% of the test-score distribution.
The latter finding is counterintuitive as one would expect improved performance for girls who are more male-typical due to higher concentrations of prenatal testosterone in utero. Possible explanations could be that prenatal testosterone actually causes lower math performance, and that boys make up for this disadvantage in their youth (e.g. by playing with different toys). Another explanation could be that girls with a male co-twin are more masculine, and that this masculinity affects educational performance negatively at age twelve.
We do not find evidence that prenatal testosterone shapes gender differentials as we observe them: it does not improve math performance, or worsen language performance. Hence we do not find evidence for a role of biology, and specifically prenatal testosterone, in determining educational gender differentials. As research on the role of biology in determining gender differentials in any domain is limited, future research should address whether other biological factors play a role in determining these gender differentials. Estimated using OLS. A description of the set of controls is to be found in Table 5 . 
* Adds the coefficients of T win * OS and T win * OS * F emale, equivalent to β 6 + β 7 . 1 Estimated using OLS. A description of the set of controls is to be found in Table 5 . 2 * p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered on maternal ID and are in parentheses. 
(8) 1 Estimated using OLS. The set of controls is the same as in Table 5 . 2 * p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered on the mother's ID and are in parentheses.
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Propensity scores based on age, birth order, non-native indicator, household type, whether the mother was in DI in the year of giving birth, household income (age 4), mother working (age 4), mean Cito-score of the school the child is attending.
(a) Total score (b) Reading score (c) Math score Figure A1 : Quantile regression, and 95% confidence interval
